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THE NEUTRINO NUMBER OF THE UNIVERSE*

Edward W, Kole
Theoretical Division
Los Alamos Naticnal Laboratory
Los Alamos, New Mexico 87545

Abstract

The influence of grand unified theories un the lepton
number of the universe is reviewed. A scenario is presented
for the generation of a large (>> 1) lepton number and a
smal! (<< 1) baryon number.

Within the past two years it has been real.ized that it current ideas
about Grand Unified Theories (GUTs) are correct, they may provide the answer
to a fundamental cosmological problem: the origin o1 the baryon .'nsymmetry.I
It seems natural to speculdte that the observed preponderance of baryons
over antibaryons is the result of the baryon number (B), charge conjugatlion
(C), and charge conjugation-parity (CP) violating interactions of the super-
massive (m 2 IOM GeV) bosons that are intrinsic to GUCs.  In this talk 1
would like to discuss the implications of CUTs for the lepton number (L) of
the universe.

The overall charge neutrality of the universe requires that the excess
ol protons over antiprotons be balanced by a corresponding excess of elec-

trons over positrons:

“Talk prerented at the 1981 luternational Conference on Neutrino Physics and
Astrophyrics.

TWOrk supported in part by the Department of Energy.
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where ny is the present number density of species i. Therefore any large
[> 0(1)] lepton number in the universe must be due to an excess of neutrinos
over antineutrinos.

The best limit on the neutrino numbher of the universe comes from the
limit on the total ecnergy density of the universe. In the absence of a
large cosmological constant, the present total energy density, P,» May he
expressed in terms of the Hubble constant H , the deceleration parameter 4,

and the Planck mass mp = 1.2 x IO‘q GeV, as
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The observational Fimits,® 100 0 (km ™ Mpc™h) 50, and g 1 2, res
-
quire the present energy density ol the universe to he P, " 8 < 10 29

R rm-’. This limits Lthe contribution of primordial neutrinos to the energy
density, and hence limits the neutrine number of the universe., I we assume
that neutrinos were relativistic when they qeceapled in the ecarly universe
(i.e., m, I MeV) and that they have oriy one spin state, then the contri=-

bution of the primordial neutrinos to the present energy density would be
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where H)) At TD are the neutrino chemical potential and weutrino temperature
of decoupling, 1 is the present neutrino temperature, and Li" is the poly-
logarithm lunvliun.“ Equation (3) has the "hot" (/T << 1) and "told"
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Ic uni{verse limits the neutrino number
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where Ho is the present neutrino chP
limit of Equation (2) then implies

2
b o< 1.3 x 10-2 eV. 9) + ... (T >»>1) . (4)
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The present neutriro number density is
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which has the cold expansion

D/TD) = (polTo), and the present neu-
is
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emical potential. The observational
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Therefore the total energy density of tl
to be given by
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where for nY we have used nY = 400 cm3. Therefore the only reliable limit
allows the lepton number of the universe to be large.

The existence of a large neutrino degeneracy would have several inter-
esting cosmological effects. In particular, it would largely determine the
results of primordial nucleosynthesis.5 The primordial 4He abundance is
par’icularly sensitive to the value of the neutrino chemical potential. The
ex.stence of a large neutrino degeneracy may also prevent the high-tempera-
ture restoration of spontaneously broken gauge symmetries and the associated
phase transitions.6 This would prevent the possibility of any exponential
expansion7 and dissolve bounds on Higgs masses found by limiting the entropy
produced in phase transit.ions.8 It would also solve the problem of excess
heavy stable monopoles produced in the phase transiticas of hot models.9 A
large neutrino chemical potential may also make present-day detection of the
background neutrinos possible due to the increase in number and energy of
the neutrinos over the case of zero chemical potential.

The current folklore maintains that Grand Unified Theories would take
any large asymmetry and make a lepton number comparable to the baryon num-
10 However wce shall see below that this need not be the
case, that Grand Unified Theories (GUTs) need not eradicate the mcmory of

ber, hence small.

initial conditions. In order to illustrate the possibility of a large lep-
ton number, we will consider two models; a model based on SU(5), and a model
based on SO(10).

An SU(5) family ~ of fermions consisting of fifteen left-handed fermion
fields is placed into the reducible representation 5f o 1of. Such a family
has the generic particle content

11
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10, = (ﬁL. ﬁg. 5L. Eg) (10)



vhere U, D, v, and E represent the charge 2/3 quark, the charge -1/3 quark,
the neutrino, and the charged lepton in the family. The subscript L indi-
cates projection of the left-handed component and the superscript C indi-
cates the charge conjugate state.

The vector bosons transform as the adjoint 24-dimensional representa-
tion and have gauge couplings to the fermions

£ 5f + 10f . IOf] 24V (11)

where g is the gauge coupling constant.
The Higgs bosons with Yukawa couplings are usually taken to be in the
5-dimensional representation with coupling to fermions

_ i3y 1 . 2 p yiigg] - B
Ly = [10; ()™ 10,] 5y + (5, (hp)*d10,] - 5, (12)

where i1 and j are family indices and hU and hD are the Yukawa coupling
matrices.

If we consider only vector couplings, then it is clear that the cou-
plings in Eq. (11) are invariant under two global phase transformations.
The corresponding conserved quantum numbers are given by Xg = +1(~1) for
each field in the Sf(gf).and X0 = +1(=1) for each field in the 1of(T6f).
Scalar interactions violate X and X10 but from Eq. (11) we see that it is
possible to take a linear combination of Xe and X10 that is still a con-
served quantum number, Z = 3(-3) for 5f(§f). Z = +1(-1) for 1of(T65). and
2 = -2(+2) for the 5,(5,). When SU(3). 8 SU(2); ® UC1), breaks to SU(3). 8
U(I)EH, Z is spontaneously broken, but a combination of 7 and the hypercharge
remains unbroken. This combination is just the baryon number minus the lep-
ton number, B-J.. Although the full SU(5) theory does not separately conserve
Xs and X10° analytic and numerical results indicate that to a good approxi-
mation if the scalar mass is sufficiently large, scalar interactions may be
neglected.a'12 In this approximation X and X0 are separately conserved.13



The vector interactions, however, -~re faster than the Higgs inter-
actions and may even be infinite.a The effect of the vector interactions
will be to distribute any asymmetry in fermion fields equally among all
members of the irreducible representation containing the fermion (assuming
that the charges associated with all gauged quantum numbers are zero).
Therefore, as initial conditions we need only consider "Gauge Invariant
Initial Conditions" in which all members of a given irreducible representa-
tion have equal asymmetries. Therefore any initial asymmetry in fermion
fields may be represented by two numbers, Xg and X10°

From Eq. (10) it is obvious that with gauge invariant initial condi-
tions the baryon and lepton numbers are given by

n - n.
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where n; is the asymmetry in the fermion fields of the ith representation.
Since Xg and Xyo are conserved by vector interactions, and the Higgs inter-
actions may be ignored (at least until after the baryon synthesis era) the
fact that B and L are linearly independent means that it is possible to have
a large L and a small B. The conditions for this are that Ng, + N = O but
Ng and N;o must both be large. A cancellation of two large numbers seems
unnatural within the context of SU(5), but it has a natural explanation if
SU(5) is embedded in an SO(10) gauge theory.

In grand unified theories based on the gauge group SO(lO),n all the

fermions in a single family are assigned to the complex Spinor representa-
tion, l6f:

w6 = (8, 0, B, BS, Ep, BT, v, ND) (14)



Since there .re only 15 known fermion fields per family (assuming the exist-
ence of the top quark) it is necessary to postulate the existence of a par-
ticle, the N% that is a singlet under SU(3). B SU(2) 8 U(1). The exist-
ence of this particle has interesting consequences for the lepton number of
the universe as well as for low energy neutrino phenomenology.

The gauge vector bosons in S0(10) transform as the 45-dimensional ad-

joint representation. The gauge coupling to fermiors has the form

kv.d .

6p * 16; - 45, . (15)
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The vector interactions in S$9O(10) conserve a gquantum number X = +1(-1)
for each field in the 16f(T3f), analogous to the XS and X0 conservation in
SU(5).

The Higgs fields which can ccuple to fermions appear in the decomposi-
tion of 16 8 16:

16 8 16 = (10 + 126). + (120)A . (16)

S
If the N? acquires a very large Majorana mass HN presumably through a non-
zero vacuum expectation value for the 126H or through radiative corrections,

: i ) 4
then the neutral lepton mass -.atrix 1in the v, N basis will have the form1

where m(1 1s tne mass of the charge 2/3 quark i1n the family. The approximate
eigenvalues of this matrix are mf/MN and ”N' The observed low-energy ncu-
trinos will thus have masses O(mélﬂN) which can be made compatible with

present observations 1f HN is sufficiently large.



We now consider the damping of asymmetries in SO(10) models with an
initial asymmetry n?é in each member of the 16f:

ﬁ = ﬁc = ﬁ = ﬁc = E = EC =v_= N? = n?6

It is obvious that in the limit of exact SO(10) invariance the presence of
an unbroken charge conjugation operator requires all asymmetries in quantum
numbers that are odd under C (e.g., B, L, Q, ...) to vanish. Consider a
universe with a large initial fermion asymmetry. The Higgs interactions
will slowly bleed the initial asymmetries. In the limit of exact S0(10)
invariance the C symmetry will bleed all the fermion fields at an equal rate
keeping B and L zero. However, once S0(10) breaks due to a large Majorana
mass for the NC there will be a large disparity in the rate that the asymme-
try in the NL is driven to zero and the rate that the asymmetrics incthe
rest of the fermion ficids are driven to zero. As the asymmetry in NL is
driven to zero, the vector interactions will redistribute the asymmetry in
the other fields. Since there are vector hosons that connect the NC with
the quarks, such a redistribution may generate a baryon number.lg‘ The
magnitude of B depends on the amount of enhanced NE depletion relative to
the depletion in the light fermion fields when the lightest vector boson
connecting the NE to light fermions decouples at temperatures less than the
vector mass m .. B can be large or small depending on the mass of the NE.
A large NL mass results in large relative NE depletion at T = mq and severe
rearrangement of the initially C-invariant asymmetries, hence a potentially
large B. A small Ng mass results in a small NE relative depletion at LN
which results in a small B since the original C-symmetry remains largely
intact,

So far a lepton number is generated with L = B. However, once T < m,1
the baryon number will be frozen in while the lepton number will continue to
grow. In puarticular as the asymmetry in NE continues to be driven to zero,
the C symmetry is badly broken because the large asymmetry in the VL is now

uncancelled since there is no asymmetry in the NS. (In fact for T < MN,



the assignment of a lepton number to Ng becomes meaningless.) Therefore a
large lepton number is likely to result.

In the scenario outlined here, a universe with a large gauge invariant
initial asymmetry, but 2zero baryon and lepton numbers may evolve into a
universe with L >> B.

In conclusion, it was demonstrated that the interactions present in
Grand Unified Theories combined with CP non-invariant initial fermion asym-
metries can naturally lead to the present lepton number of the universe
being much larger than the baryon number. This is in disagreement with
others who have claimed that L ~ B as a consequence of grand unification.
In SU(5) models the requirement that L >> B requires a cancellation between
different contributions to the initial baryon number. This cancellation has
a natural explanation in SO(10) models where all fermions in a family are
placed in a single irreducible rcpresentation. While we have considered
explicitly only SU(5) and SO(10) unified models, the results can be easily
generalized to other theories. The reason that SU(5) and SO(10) theories
allow L >> B can be related to the fact that they also piredict a discrepancy
between quark and neutrino masses. In SU(5), m, = 0 as a result of the
global B-L symmetry which in turn is celated to the reducibility of the
fermion representation. It is this reducibility that allows B and L to be
independent. In S0(10), m, << mq is a result of a large SU(3)C X SU(2)L X
U(1) invariant Majorana mass term for the right-handed component of the
neutrino. This mass term rapidly destroys any net lepton number residing in
the right-handed neutrino field thus leaving an initial asymmetry in the
left-handed neutrino unbalanced. We expect. that any theory that predicts
m, << mq in a natural way will also allow L >> B.

A more thorough discussion of the lepton number in GUTs may be found in
Ref. i5.

I would like to thank Jeff Harvey, whoie collaborative efforts led to
the work reported here, and Stephen Wolfram, with whom some of the seminal
work was done.
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